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ABSTRACT: The solvent content of thin polystyrene (PS) ﬁlms, spin-coated from protonated and deuterated
toluene onto silicon substrates, is investigated. Neutron reﬂectometry (NR) is used to probe the total remaining
solvent inside the PS ﬁlms in a nondestructive and noninvasive way. In freshly prepared ﬁlms, the investigated
parameters are the molecular weight of PS and the total ﬁlm thickness. Moreover, the effect of postproduction
treatment by annealing at temperatures below and above the glass transition of PS as well as long-term storage
over 2 years are examined to deduce the reduction of the remaining solvent. The remaining solvent content
increases with increasing molecular weight and with increasing ﬁlm thickness. An enrichment of toluene at the
Si/polymer interface is found. Under the different annealing and storage conditions tested, the remaining solvent
is not totally removed. The observed behavior is discussed in the framework of polymer thin ﬁlms and compared
with results obtained by alternative experimental approaches.
1. Introduction
Spin-coating is a widely used technique for the preparation
of thin polymer ﬁlms on top of solid substrates.1-4 Films with
a very uniform thickness and small surface roughness can be
prepared depending on the polymer/solvent combination used.
Controlled by the preparation parameters, ﬁlm thicknesses in a
wide range from the submonolayer regime up to several microns
can be prepared with spin-coating.5
The spin-coating procedure starts with the deposition of an
excess amount of solution on the substrate. Immediately after
deposition, the solvent starts to evaporate and the concentration
of the polymer in the solution naturally increases. Thereafter,
the substrate is accelerated to the desired rotation speed, whereas
the acting adhesive forces at the liquid/substrate interface and the
centrifugal forces result in strong shearing of the liquid. Hence,
the majority of the polymer solution is rapidly ejected from the
substrate by a radial liquid ﬂow. In the ﬁnal stage of spinning
at constant rate, the thinning of the ﬁlm is dominated by solvent
evaporation. The evaporation process causes the polymer
concentration to increase more rapidly at the liquid/vapor
interface, and thus a concentration gradient is formed through
the liquid ﬁlm. After the evaporation of most of the solvent, a
uniform, practically solid polymer ﬁlm forms.6-9 However, the
freshly spin-coated polymer ﬁlm consists of the polymer in a
nonequilibrated state and a residual amount of solvent. In other
words, because of the very short time scale on which the ﬁlm
forms, the morphology of the polymer chains is frozen and
solvent is retained.10-12 Thus, the rapid absence of the majority
of the solvent prevents the motion of the chains. However, it is
well known that the actual remaining solvent content in thin
polymer ﬁlms has an effect on the chain mobility and ﬁlm
homogeneity.13-17 Consequently, the drying process is deter-
mined by the ﬁlm’s ability to retain the solvent and the diffusion
of solvent molecules and the polymer chains. Practically, the
solvent evaporation inﬂuences the thin ﬁlm roughness, which
occurs for the solid ﬁlm.18-20 In terms of long-term stability,
the reduction of the solvent content gives an estimate of possible
aging effects. 21 Furthermore, the solvent content inﬂuences the
charge carrier transport, adhesion strength of adhesives, and most
importantly, the glass-transition temperature, Tg.22-27 Because
the latter is found to be dependent on the ﬁlm thickness and
substrate interaction, it might be expected that the solvent
content depends on the ﬁlm thickness as well.28 This explanation
shows that many effects cannot be decoupled but rather exhibit
a complex interplay among each other.
Several groups have investigated the solvent content in thin
spin-coated homopolymer as well as block copolymer ﬁlms with
the focus on application-related questions. Only a few authors
address the actual remaining solvent content in thin spin-coated
ﬁlms from a fundamental perception.29-34 Among them, Garcı´a-
Turiel and Je´rome studied the actual solvent retention in thin
polymer ﬁlms by gas chromatography (GC). 35 They selected
polystyrene (PS) with a molecular weight of Mw ) 178 kg/mol
and toluene as a model system and prepared thin homopolymer
ﬁlms in a thickness range of 15-500 nm. Before analyzing the
ﬁlms with GC, all samples were annealed at a temperature of
115 °C for 6 h. It was found that the relative amount of retained
toluene decreases from 35 to ∼2% with increasing ﬁlm
thickness. For ﬁlm thicknesses of 100 nm and above, the relative
amounts of retained solvent in the ﬁlm are on the order of a
few percent or less. In addition, from these results, they conclude
that the solvent is retained at the polymer/substrate interface.
Such an enrichment effect at the substrate interface was also
reported by others.36-38 Nevertheless, the study of Garcı´a-Turiel
and Je´rome gives quantitative information on the absolute
amount of solvent in thin polymer ﬁlms, which is hardly found
elsewhere. However, for GC analysis, the spin-coated ﬁlms were
redissolved and the obtained solutions were analyzed with
respect to the solvent used for the spin-coated ﬁlms. In other
words, the analysis with GC is destructive. Hence, the aim of
the presented investigation is to apply a nondestructive technique
to determine the amount of solvent remaining, which enables a
successive characterization as well as further application of the
spin-coated ﬁlms. In this regard, neutrons meet the desired needs
of a nondestructive, noncontact, and sensitive probe.39-42
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Previously, our group extensively studied swelling and
deswelling kinetics of thin PS ﬁlms with in situ neutron
reﬂectometry (NR).43,44 The focus of these investigations was
on tracing changes in the ﬁlm thickness due to swelling upon
exposure to a saturated as well as undersaturated toluene
atmosphere. The thickness change upon exposure was due to
an uptake of toluene. The starting point of such swelling
experiments was the initially prepared polymer ﬁlm. Such an
initial dry deuterated PS (dPS) ﬁlm with, for example, a
thickness of 49.8 nm (prior to exposure) already showed a
solvent content of ∼7 v/v %.
The approach presented within this investigation solely
focuses on the remaining solvent content in thin spin-coated
homopolymer ﬁlms. To the best of our knowledge, this is the
ﬁrst neutron reﬂectivity investigation of freshly prepared ho-
mopolymer ﬁlms without any further processing after the spin-
coating with the primary aim of obtaining quantitative infor-
mation on the remaining solvent content. In this regard, Kanaya
et al. also investigated PS thin ﬁlms with NR, but with the focus
on annealing effects at different ﬁlm thicknesses, whereas the
role of the remaining solvent was not discussed. 45
Our model system consists of thin spin-coated PS ﬁlms on
silicon substrates. For this investigation various molecular
weights of PS are selected, and by simply varying the
concentration of the polymer in solution, different ﬁlm thick-
nesses are realized. The selection of both parameters for a
polymer results in a well-deﬁned thin polymer ﬁlm. Needless
to say, the spin-coating conditions, for example, acceleration
and rotation speed, signiﬁcantly inﬂuence the ﬁlm thickness.
Under these conditions and because of the fact that both
parameters are easily accessible in the sense of traceability, the
solvent content is studied depending on ﬁlm thickness and
molecular weight.46 In this regard, as already stated, the ﬁlm
thickness signiﬁcantly inﬂuences Tg, and the same trend is
expected for the solvent content. Moreover, the preparation of
thin ﬁlms of constant thickness from polymers of different
molecular weights is expected to inﬂuence the free volume in
the thin ﬁlm.47-51 As a consequence, more unoccupied volume
is available where more solvent might be retained.
After spin-coating, the fresh samples are stored in a box while
no measurements are performed. For the investigation of fresh
samples, it is essential to minimize the time between the ﬁnal
preparation and the NR measurement itself. With appropriate
time management, in this investigation, we managed to minimize
the storage time before the NR measurement to ∼30 min, taking
into account the time necessary to align the sample properly.
After the successful NR measurement, the samples are further
characterized, for example, by the use of X-ray reﬂectometry
(XRR), to provide all necessary information for the ﬁnal
extraction of the solvent content from the NR data.
After a brief introduction to the sample preparation and the
fundamentals of the experimental techniques (XRR and NR),
the obtained solvent content dependence on PS molecular weight
and PS ﬁlm thickness are discussed. Next, annealing and storage
conditions are investigated, and the solvent proﬁle along the
surface normal is explored. The article concludes with a
summary of the recent results.
2. Experimental Section
2.1. Sample Preparation. The homopolymer used in this
investigation was protonated PS that was polymerized anionically
(Polymer Standard Source, Mainz, Germany). Different molecular
weights of PS of Mw ) 7, 27.5, 207, 514, 712, 908, and 1530 kg/
mol and a typical narrow molecular weight distribution of Mw/MN
) 1.03 were selected. The solvents taken for the preparation of
the homopolymer solution were protonated toluene (C7H8, Carl
Roth, purity g99.9%) and deuterated toluene (C7D8, deutero, purity
99.5%), denoted toluene and toluene-d8, respectively.
The polymer ﬁlms were prepared on top of precleaned Si (100)
wafers with a very thin native oxide layer. Cleaning of the substrates
was performed in an acidic bath (160 mL H2SO4, 70 mL H2O2,
and 110 mL deionized water) at a temperature of 80 °C for 15
min. 52 Subsequently, we removed the remaining acid from the
substrates by thoroughly rinsing them with deionized water; ﬁnally,
the wafers were dried with compressed nitrogen.
The sample solutions were prepared according to the following
procedure: The amount of PS homopolymer was calculated by an
empirical formula that can be found elsewhere53 to obtain the
desired ﬁlm thickness and hence provide the required concentration.
The concentration was dependent on the PS molecular weight as
well as the spin-coating parameters. After the addition of the solvent
to the PS, the solution was stirred for a sufﬁcient amount of time
to dissolve the polymer completely.
The PS ﬁlms were prepared by spin-coating the individual
solutions for 30 s at 2000 rpm rotation speed. A circular shape of
the Si wafers was used instead of a rectangular shape. The circular
shape is optimal for the substrate to obtain homogeneously spread-
out ﬁlms because the distance to the edges of the wafers is
equidistant to the center of rotation. Therewith, a steady ﬂow of
the solution during the spin-coating was supplied in all outward
directions. In contrast, for rectangular-shaped samples, the ﬂow is
restricted by the nonequidistant distance to the edges, resulting in
the optically visible spin-coating ellipse. This ellipse corresponds
to variations in the ﬁlm thickness, whereas a homogeneous area is
found only in the center of the substrate. On the circular-shaped
substrates used, a uniform ﬁlm thickness was found over the entire
wafer.
Three different sample series were prepared: The ﬁrst series was
composed of thin ﬁlms of ﬁxed thickness of d ) 50 nm and different
PS molecular weight (Mw ) 7, 27.5, 207, 514, 712, 908, and 1530
kg/mol). The second series was ﬁlms of different thicknesses (d )
10-500 nm) of ﬁxed PS molecular weight (Mw ) 207 kg/mol).
For both series the samples were immediately tested after prepara-
tion to obtain information about freshly prepared ﬁlms. In a third
series, the aging behavior was addressed. At a ﬁxed PS molecular
weight (Mw ) 207 kg/mol) and ﬁxed ﬁlm thickness, samples were
annealed for 8 h under vacuum below the PS glass-transition
temperature, Tg, at 70 °C and above the Tg at 120 and 160 °C.
Moreover, in a long-term experiment, one untreated sample was
simply stored under ambient conditions and was revisited over 2
years.
For all series, one set of samples was prepared from deuterated
toluene and one from protonated toluene, giving rise to two sets
per series. The preparation of identical samples from protonated
as well as deuterated solvent enables a direct comparison and the
determination of the remaining solvent.
Please note that instead of the acceleration and rotation speed
the concentration of PS was adjusted to obtain the desired ﬁlm
thickness and to operate the spin-coater with ﬁxed parameters. The
effective ﬁlm thickness, deff, was determined by XRR after the time-
sensitive NR investigation and was cross-checked with white light
interferometry.
2.2. Neutron Reﬂectometry. NR measurements were performed
on the instrument MIRA at the neutron source FRM-II in Garching
(Germany). 54 MIRA is established for research with very cold neutrons
(VCN), thereby giving access to large wavelengths in a range of 8 e
λ e 30 Å. The differential neutron ﬂux of the sample is on the order
of 5 × 105 neutrons/(Å · s ·cm2) at a wavelength of λ) 10 Å. The use
of large neutron wavelengths is advantageous for the detection of the
position of the critical edge in NR because with increasing wavelength,
the value of the critical angle Rc increases as
Rc) λNbπ (1)
where Nb is the coherent scattering length density (SLD) step at
the interface. Correspondingly, the position of the critical edge shifts
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toward larger values of the scattering vector component along the
surface normal
qz)
2π
λ
(sin Ri+ sin Rf) (2)
with the incident and exit angle Ri,f. Thus, the resolution is increased
for large neutron wavelengths. For the measurements, the desired
wavelength was selected using a monochromator. Depending on
the wavelength, either multilayer mirrors (λ > 8 Å) or a mica
monochromator (7.7 e λ e 14 Å) was employed. The selected
wavelength was ﬁxed in the NR measurements with a resolution
of Δλ/λ ) 0.03. Typically, a narrow range in the region of total
external reﬂection was probed (0.003 e qz e 0.02 Å-1).
The NR setup used was composed of a horizontal scattering
geometry with a vertically positioned sample. The sample and
detector were moved in a θ/2θ mode with an angular resolution of
Δθ ) 0.01° (reﬂectivity scan with Ri ) Rf) and a conventional
3He-counter was used as a detector.
The above-described sample preparation procedure enabled us
to obtain sufﬁciently large samples to provide a large surface area
for NR, hence maximizing the count rate at the detector and
improving statistics. Most importantly, overillumination of the
sample due to the rather large beam footprint at small incident
angles was avoided because of the large sample size. As a result,
the total reﬂection maximum exhibited a nice plateau of constant
intensity (i.e., intensity independent of incident angle) cutoff by
the distinct critical edge under determination.
For the data treatment, the raw measurement data represented
by Id(2θ) at the detector were ﬁrst normalized by the corresponding
incoming neutron ﬂux Im(t) during the counting time needed to
measure Id(2θ). Finally, Id(2θ)/Im(t) was transformed to R(qz), which
is the neutron reﬂectivity normalized to total reﬂection. The
reﬂectivity data R(qz) were analyzed using the reﬂectivity simulation
and analysis software programs Parratt and Motoﬁt.55,56
In several beamtimes, the NR measurements of samples prepared
under identical conditions were repeated to gain a statistical error
and rule out experimental mistakes.
2.3. X-ray Reﬂectometry. XRR measurements were performed
with a reﬂectometry-upgraded Siemens D5000 powder diffracto-
meter. The upgrade included a special sample stage with a vacuum
chuck, a tantalum knife edge collimator, and an automatic beam
absorber, enabling the instrument to perform high-quality reﬂectivity
measurements. The X-ray beam had a wavelength λ ) 1.54 Å (Cu
KR line). The beam was collimated with a slit system to run the
experiments with a suitable beam divergence. The beam width was
set to 12 mm. A monochromator (graphite) was installed in the
reﬂected beam path in front of the detector (scintillation counter)
to ﬁlter the Cu-K line as well as the ﬂuorescence originating from
the sample. An installed automatic absorber reduced the intensity
by a factor of about 100, preventing the saturation of the detector
and hence large errors in the counting rates. For XRR, this enabled
the measurement in the range of total reﬂection, whereas beyond
this range, the measurement was automatically continued without
the absorber, avoiding manual operation and interruption of the
experiment. The goniometer stage was operated at a resolution of
Δθ ) 0.01°, corresponding to a resolution in reciprocal space of
Δqz ) 0.0007 Å-1.
To avoid bending stress of the thin Si wafer induced by the
vacuum chuck, the samples were ﬁrst ﬁxed to a thick glass plate,
which was then mounted on the vacuum chuck. This procedure is
crucial for a precise XRR measurement because under the geometric
setup conditions for the X-ray beam, a bent thin ﬁlm sample appears
to have a ﬁlm of nonuniform thickness. As a result, in the reﬂectivity
curve, all uniform-thickness-related features disappear, hence
making the thickness determination impossible.
The XRR measurements were performed in the range of 0 e qz
e 0.426 Å-1 (0 e θ e 3°) in reciprocal space for each sample that
had been investigated with NR beforehand. The measured raw data
I(2θ) were transformed to R(qz) (normalized reﬂectivity), and the
data treatment to extract the thickness of the thin ﬁlm and the
roughness of stack interfaces was also performed with the reﬂec-
tivity simulation and analysis software programs Parratt and
Motoﬁt.55,56
2.4. Optical Microscopy. The sample surfaces were observed
via optical microscopy using a Zeiss Axiotech 25H optical
microscope with a magniﬁcation between 5 and 100. A Hitachi
KP-D50 CCD camera recorded the micrographs.
3. Results and Discussion
The presented investigation of the remaining solvent content
in thin spin-coated polymer ﬁlms relies on the fact that the
investigated component of the model system, namely, the solvent
toluene, can be substituted by the deuterated solvent toluene-d8
without any change in the physical properties of the thin spin-
coated PS ﬁlms. Hence, regardless of the protonation or
deuteration, both thin ﬁlms will behave identically. However,
the deuteration of the investigated solvent component results
in a distinct differentiation in the SLD from all other involved
materials, such as PS and the Si substrate. A measure of the
contrast between different materials is represented by the ratio
of the SLDs for the protonated solvent and the protonated PS
ﬁlm SLDtol/SLDPS ) 0.946/1.416 ) 0.67 and for the deuterated
solvent and the protonated PS ﬁlm SLDtol-d8/SLDPS ) 5.6/1.416
) 3.95. Therefore, the highest contrast of PS and deuterated
toluene in SLD is utilized to make the amount of residual solvent
inside the thin ﬁlm detectable.
The analysis of the NR data in the narrow range around the
critical edge is based on a single-layer model, represented by
the thin PS ﬁlm, on a silicon substrate. 45 The very thin native
oxide layer present after cleaning has not been taken into account
because NR data from freshly cleaned blank silicon substrates
can be simulated solely by bare silicon.
Therefore, to match the simulated curve with the measured
curve of the thin PS ﬁlm, only the SLD of the PS is adjusted,
whereas the magnitude of the adjustment represents a measure
of the ratio of PS homopolymer to toluene-d8 solvent. Because
the relation SLDtol < SLDPS < SLDtol-d8 applies to the model
system and because the ﬁlm is a mixture of PS and toluene-d8,
the SLD for pure toluene-d8 would mark the upper limit for
this adjustment. In other words, reaching this limit would
correspond to a ﬁlm consisting solely of deuterated solvent.
The obtained SLD for the best model ﬁt is used to determine
the volume fraction Φ of remaining solvent with
Φ)
SLD- SLDPS
SLDtol-d8- SLDPS
(3)
Consequentially, an increase in the probed SLD and hence a
shift in the critical edge toward larger qz values corresponds to
an increase in the amount of retained solvent inside the thin
spin-coated PS ﬁlms.
Therefore, the measured NR represents the average over the
entire ﬁlm, and thus the narrow qz scans provide the effective
total solvent content φ (calculated from the volume fractionΦ)
of the thin ﬁlm. In the following subsections, the results of the
solvent content of thin spin-coated ﬁlms dependent on the PS
molecular weight and ﬁlm thickness are presented. In addition,
the solvent content for samples annealed under different
conditions is determined. Furthermore, high-resolution NR scans
of a distinct sample are compared in terms of long-term
behavior. NR curves with an extended qz range are the basis
for the analysis with respect to a solvent enrichment in the thin
polymer ﬁlm at the substrate. The corresponding results are
exemplarily shown in the last subsection.
3.1. Inﬂuence of Polystyrene Molecular Weight. PS ﬁlms,
freshly prepared from protonated toluene and deuterated toluene
of a selected molecular weight, are pairwise measured with NR
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for the entire covered range of molecular weights (7-1530 kg/
mol). This pairwise measurement enables a qualitative com-
parison during the measurement by comparing the high-
resolution scans with respect to the expected distinct shift in
the critical edge for the deuterated thin ﬁlm as compared with
the protonated thin ﬁlm. An example of three such pairs is
shown in Figure 1a. The use of deuterated toluene signiﬁcantly
shifts the position of the critical edge toward larger qz values
as expected, and thus thin ﬁlms prepared from toluene and
toluene-d8 can be clearly distinguished. Small differences among
the individual curves, for example, a decrease in intensity with
increasing qz values, are mainly caused by differences in the
ﬁlm thickness and roughness of the related samples. Therefore,
a simple qualitative extraction of the shift in the position of the
critical edge is not sufﬁcient, and a quantitative data analysis
based on ﬁtting of the NR data is required. This quantitative
analysis of the high-resolution NR data is based on a simple
single-layer model consisting of the Si substrate and the PS layer
on top surrounded by air. Therefore, the components relevant
to the analysis are the substrate and the PS layer, which are
described by the material-speciﬁc SLD, the roughness, and the
thickness of the PS layer. In this approach, the SLD of the PS
layer, prepared from deuterated toluene, represents the most
signiﬁcant ﬁtting parameter, because it contains the desired
information about the solvent content. Therefore, the impact of
all other parameters has to be minimized. In this regard, prior
to the analysis, the thin ﬁlms are characterized by XRR to obtain
roughnesses and, most importantly, the thickness values, which
are not accessible with the NR scans limited to the region of
total external reﬂection. The ﬁts obtained with this model are
also shown in Figure 1a (solid lines). Thus, from the ﬁt to the
NR data, only the SLD of the PS layer is extracted, from which
the (remaining) total solvent content φ inside the PS ﬁlms is
calculated (by the use of eq 1).
Each NR data point exhibits an error given by the square
root of the count rate. These errors result in an error tube around
the measured NR curves, which is spanned by the positive and
negative deviations (error bars) of each data point. Therefore,
each NR curve is virtually shifted toward smaller qz, marking
the minimum, and toward higher qz, marking the maximum, of
the position of the critical edge. The respective limits of the
position correspond to a minimum and maximum SLD, yielding
the error in the extracted SLD. For the presented data, the error
in SLD is ΔSLD ) 0.05 × 10-6 Å-2. This error in SLD gives
rise to an error in the extracted solvent content, as shown by
the error bars in the Figures.
The total solvent content as a function of the PS molecular
weight is shown in Figure 1b. Because of the applied layer
model, which assumes a layer with thickness, d, and an inﬁnitely
expanded surface area, φ, is obtained in units of volume percent.
To correct for small thickness deviations in the individual
samples with respect to the desired mean thickness, we introduce
a so-called normalized solvent content referring to one reference
thickness
φnorm) φ
dm
deff
(4)
to decouple the parameters molecular weight and thickness. The
mean thickness dm ) <deff> is normalized by the individual
ﬁlm thickness deff, as measured with XRR. Because deff is made
to be roughly constant for the sample series addressing the
molecular-weight dependence, there is no signiﬁcant change in
the observed trend by replacing φ with φnorm (compare open
and ﬁlled symbols in Figure 1b). However, the behavior of φnorm
is more continuous, as indicated by the solid line. In general,
the normalization will become more signiﬁcant in the case of
larger deviations or intentionally varied values of the effective
ﬁlm thicknesses.
In general, the solvent content increases with increasing
molecular weight from 9 to 15 vol %. At molecular weights of
>1000 kg/mol, φ (or φnorm) remains constant within the error.
A reason for the molecular-weight-dependent increase in the
remaining solvent might be the free volume of the PS ﬁlms, in
which the solvent can be retained. Typically, two different
sources contribute to the free volume of a polymer ﬁlm: (1) an
intramolecular contribution, which is the difference between the
sum of the atomic volumes and the overall spherical volume
spun by the radius of gyration of the individual polymer chain,57
and (2) an intermolecular contribution, which is the difference
between the overall spherical volume and the volume of the
entire thin ﬁlm. For the reason that the increase in molecular
weight is probed at roughly constant ﬁlm thickness, both
contributions increase because of the increased degree of
polymerization as well as the radius of gyration. Hence, for thin
ﬁlms with ﬁxed thickness but with increasing molecular weight,
the free volume might increase, which acts as free space for
the solvent. Of course, the same holds true for the normalized
solvent content. With the normalization, the overall area is
divided into area occupied by the polymer and free area, which
is, by analogy to the free volume, unoccupied area where the
solvent can be retained.
3.2. Inﬂuence of Film Thickness. For the investigation of
the ﬁlm thickness as the key parameter, the molecular weight
was ﬁxed to Mw(PS) ) 207 kg/mol, and the ﬁlm thickness was
varied. For clarity, Figure 2a shows exemplarily PS ﬁlms
prepared from deuterated toluene. For different ﬁlm thicknesses,
a shift in the position of the critical edge in the NR data is
Figure 1. (a) Selection of high-resolution NR scans (symbols) in the region of total external reﬂection of fresh ﬁlms of different PS molecular
weight (7, 514, and 1530 kg/mol) at ﬁxed ﬁlm thickness. The solid lines are the ﬁts to the measured data for the determination of the total remaining
solvent content. (b) Extracted total retained solvent content φ (0) shown as a function of the PS molecular weight and the corresponding normalized
solvent content φnorm of the thin ﬁlm (2). The solid line is a guide to the eye.
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clearly recognizable in Figure 2a. As described already in detail,
the data analysis procedure requires the effective ﬁlm thickness
and roughness for the modeling of the NR to extract the SLD.
These parameters are again obtained from XRR. The XRR
measurements are shown in Figure 3. The extracted effective
ﬁlm thicknesses, deff, cover a range from (14.4 ( 0.2) to (688.1
( 2.1) nm.
With these thicknesses and the obtained roughness values,
the single-layer model is again applied to the high-resolution
NR scans, and the obtained ﬁts are plotted in Figure 2a. The
ﬁts show good agreement with data, and from the respective
SLDs, the remaining solvent content is extracted. The solvent
content, φ, is plotted as a function of the effective thickness,
deff, in Figure 2b. A calculation of the normalized solvent
content, φnorm, is not meaningful for the control parameter ﬁlm
thickness.
The values of φ increase with increasing ﬁlm thickness,
although for small ﬁlm thickness, the determined values of the
retained total solvent content, φ, show some scatter all over.
With further increasing the ﬁlm thickness, an approach of a
limiting value displaying the PS bulk characteristics is likely.
The all-over increase observed in the retained solvent is the
opposite trend as compared with the GC investigation by Garcı´a-
Turiel and Je´rome.35 However, it might not be a contradiction
because Garcı´a-Turiel and Je´rome investigated annealed PS
ﬁlms, whereas our study focuses on untreated ﬁlms probed
directly after spin-coating.
Different ﬁlm thicknesses are realized by the variation of the
polymer concentration in the solution used for spin-coating.
Hence, for a thicker ﬁlm, the amount of solvent per polymer is
smaller than that for a thinner ﬁlm because of the higher PS
concentration in the toluene solution. But during preparation
(beginning by putting the solution on the substrate), the
evaporation at the uppermost part of the ﬁlm produces a gradient
of solvent that is the driving force for the diffusion of solvent
molecules toward the polymer/air interface. At the free surface,
the solvent evaporates and a more dense and less solvent-
containing part is formed on top. Now, for an increased
thickness, the diffusion path of solvent molecules from deep
inside the ﬁlm is longer, and less solvent can reach the polymer/
air interface at a given time. Although a smaller amount of
solvent is present in the solution that was put on the substrate
in the beginning, the increased thickness effect on the evapora-
tion ability prevails, and a higher total solvent content remains
for thicker ﬁlms. In this regard, it has to be emphasized again
that the samples are freshly prepared without any further thermal
processing. Thus, no annealing is applied to subduct solvent
from the spin-coated ﬁlm. Nevertheless, with this scenario, it
is implicitly expected that the silicon/polymer interface will have
an inﬂuence on the retained solvent as well as result in a gradient
of solvent inside the ﬁlms. From the complex interplay between
interaction-driven solvent enrichment at the substrate interface
and the possibility of trapping solvent because of limited
diffusion, the complex behavior of small ﬁlm thickness, as seen
in Figure 2b, might be explained. The presence of a nonhomo-
geneous distribution is exemplarily shown in the ﬁnal section.
3.3. Inﬂuence of Annealing and Long-Term Behavior. So
far, we report the remaining total solvent content of freshly spin-
coated ﬁlms without any postproduction treatment. Thus,
nonequilibrium ﬁlms are probed, and equilibration might be
accompanied by a reduced retained solvent content (as suggested
by comparison with GC experiments). Moreover, polymer ﬁlms
are typically cured at selected temperatures to reduce the solvent
content. For many applications, long-term behavior comprising
the aging caused by a change in the remaining solvent is
important. Therefore, typically, one wants to remove the
remaining solvent, regardless of the present amount, and hence
enable the relaxation of the polymer chains to equilibrium.58-61
In literature, innumerable publications describe the application
of thermal annealing (lower or higher than Tg of polymer) on
polymer thin ﬁlms as a part of the sample preparation.58-61
To address these points, a series of PS ﬁlms of ﬁxed ﬁlm
thickness and molecular weight (Mw(PS) ) 207 kg/mol) was
investigated. The spin-coating of the ﬁlms was followed by a
postproduction treatment. One reference sample was always left
untreated to allow for direct comparison. As postproduction
Figure 2. (a) Selection of high-resolution NR scans (symbols) in the region of total external reﬂection of fresh ﬁlms of different ﬁlm thickness at
ﬁxed PS molecular weight. The solid lines are the ﬁts to the measured data for the determination of the total remaining solvent content. (b) Extracted
total retained solvent content, φ, shown as a function of the effective ﬁlm thickness, deff. The solid line is a guide to the eye.
Figure 3. XRR data (symbols) measured for the PS ﬁlms of different
thickness at ﬁxed molecular weight. The solid lines are the ﬁts for
determining the thickness, surface, and interface roughness of the ﬁlm.
The intensities are normalized to their maximum intensity. For clarity,
the curves are shifted along the intensity axis. From bottom to top, the
ﬁlm thickness increases.
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treatment, three different annealing procedures were chosen: The
PS ﬁlms were annealed for 8 h in vacuum (p ≈ 5 × 10-2 mbar)
at different temperatures, T1 ) 70 °C (T1 < Tg(PS)), T2 ) 120
°C (T2 > Tg(PS)), and T3 ) 160 °C (T3 . Tg(PS)).
After annealing, the thin ﬁlms were examined with optical
microscopy to rule out any destruction, for example, due to
dewetting of the PS ﬁlm from the silicon surface. The as-
prepared samples were immediately measured with NR, fol-
lowed by the annealed samples. The respective high-resolution
scans of the as-prepared and annealed samples are plotted in
Figure 4a. Annealing at temperature T1 leads to no change at
all, and thus no effect of the annealing is observable, and the
solvent content remains constant at ∼13 vol %. This is caused
by the fact that T1 is well below the glass-transition temperature
of PS (Tg(PS) ≈ 100 °C). For the annealing temperature T2,
only a minor change is observed, resulting in a decrease in the
solvent content by only 1.0 vol % because the selected
temperature is only slightly above Tg(PS). For both, the XRR
measurement indicates that the annealed ﬁlm is 0.3 nm thinner
than the as-prepared ﬁlm, whereas this deviation lies within the
error of the effective thickness. However, because the duration
of annealing was limited to 8 h, a much longer annealing at T2
might result in a sufﬁcient reduction in the solvent content. As
an alternative to an increased annealing time at temperature T2,
we increase the annealing temperature. For this even higher
annealing temperature T3, the NR measurement of the annealed
ﬁlm clearly differs from the as-prepared ﬁlm. The annealing
results in a decrease in the amount of solvent by 3.2 vol %. An
indication of the removal of solvent is also found with the XRR
measurement because the thickness obtained changes by 0.7
nm, which is outside the error for deff and thus can be attributed
to the annealing effect. Nevertheless, obviously, the selected
conditions are not suitable for the complete removal of the
solvent. Thus, typically, considerably longer annealing times
might be required for decreasing the total remaining solvent
content more strongly. Therefore, compared with the annealing
condition chosen by Garcı´a-Turiel and Je´rome (115 °C for 6 h)35
it appears to be unlikely that their observed decrease in solvent
content with ﬁlm thickness can be easily translated to our
observed increase in ﬁlm thickness by taking annealing into
account. It might be more likely that the difference is caused
by the applied experimental method (GC versus NR).
In addition to annealing conditions, the long-term behavior
has been addressed over 2 years. During several beamtimes
within the past 2 years, for one selected sample (Mw(PS) )
207 kg/mol, deff ) (63.1 ( 0.4) nm), high-resolution NR has
been measured. This long-term investigation covers a period
of ∼17 280 h while including six measurements, starting with
the freshly prepared thin ﬁlm with an age of ∼1 h. In between
measurements, the sample was stored in a box (to protect against
dust) in a dark and dry place at room temperature. Annealing
of a PS ﬁlm over such a long period turned out to be impossible
because of degradation of the ﬁlm, for example, by dewetting.
The total solvent content was extracted following the procedure
explained above and plotted as a function of the storage time
since preparation t in Figure 4b. No changes in the effective
ﬁlm thickness were detected, and thus the normalized solvent
content shows the identical behavior. In the full period of 2
years, the solvent content in the PS ﬁlm remains constant at
∼12.6 vol %. Therefore, no aging in terms of changing the
retained solvent is veriﬁable, and no mechanical alteration of
the thin PS ﬁlm is expected, which is supported by the optical
investigation that also show no changes.
3.4. Solvent Enrichment at Polymer/Substrate Interface.
So far, the analysis focused on the remaining total solvent
content, assuming a homogeneous layer consisting of PS and
deuterated or protonated solvent, respectively. As mentioned
in the introductory part, there is the reasonable characteristic
of a solvent enrichment at the polymer/substrate interface
induced by the evaporation, which takes place at the polymer/
vapor interface. Therefore, depletion of the solvent in regions
near the surface occurs.36-38 In particular, one would expect a
nonhomogenous solvent distribution inside the ﬁlm, that is,
increasing solvent concentration with depth. Figure 5 shows an
example of an extended NR measurement of a thin PS ﬁlm
prepared from toluene-d8 with Mw(PS) ) 207 kg/mol and deff
) (63.1 ( 0.7) nm.
Simply applying the single-layer model with thickness and
interface roughness as obtained from the XRR measurements
yields a good ﬁt for only the qz region around the critical edge,
but a deviation from the measured data at the large qz values is
Figure 4. (a) High-resolution NR data in the region of total external reﬂection of thin ﬁlms as prepared (open symbols) and after annealing (closed
symbols) for 8 h at 70 (4,2), 120 (g,f), and 160 °C (O,b). For clarity, the curves are shifted along the reﬂectivity axis. (b) Long-term behavior
of the total retained solvent content φ as a function of the time, t, since preparation. The solid line is a guide to the eye.
Figure 5. Example of NR data (symbols) of a freshly prepared PS
ﬁlm (from toluene-d8, Mw (PS) ) 207 kg/mol, and deff ) 63.1 nm).
The lines show ﬁts to the measured data on the basis of the single-
layer model ( · · · ) and an advanced double-layer model (s), assuming
a thin enrichment layer at the polymer/substrate interface.
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observed. Herewith, a remaining total solvent content of 13 vol
% was extracted for the thin ﬁlm. However, the simple single-
layer model is not sufﬁcient for describing the full NR curve.
In an alternative approach to ﬁt the NR data, the roughness of
the Si substrate was included in the free ﬁtting parameters, which
resulted in a roughness increase by a factor of 10 for the
improved ﬁt. However, because the roughness of Si wafer
substrates is known to be on the order of a few angstroms and
signiﬁcantly well characterized with XRR, the resulting best-
ﬁt model parameters are basically of no physical meaning.
Nevertheless, because an increased amount of solvent (as one
would ﬁnd in an enrichment layer) yields an increase in SLD,
therewith approaching the SLD of the Si substrate, the result
can be interpreted as a kind of gradient from high SLD
(substrate) toward lower SLD of the polymer ﬁlm. Conse-
quently, from these results it can be concluded, that the
introduction of an additional layer to the polymer/substrate
interface transforms our ﬁndings into a reasonable physical
model.
The introduction of the double-layer model includes the
concept of a solvent enrichment at the substrate/polymer
interface. By ﬁtting this model to the measured data, a
considerable improvement is observed, as can be seen in Figure
5. From the obtained SLDs and thicknesses by the best ﬁt, we
extracted a solvent content of 25.9 vol % for the enrichment
layer with a thickness of ∼4 ( 0.5 nm near the Si substrate.
The remaining part of the PS ﬁlm had a thickness of 60 ( 0.7
nm and a solvent content of only 3.2 vol %. This clearly veriﬁes
a solvent enrichment at the substrate/polymer interface and is
in good agreement with conclusions of other groups that the
solvent is retained at the polymer/substrate interface.29-35
Moreover, a density decrease in PS ﬁlms was detected, for
example, by Jonar and coworkers,38 extending over a region of
two to three statistical segment lengths at the solid interface,
which also agrees well with the idea that in this region the
polymer is depleted and the solvent enriched.
However, for many experiments, the exact shape of the
solvent proﬁle along the surface normal inside the polymer ﬁlm
will be not of utmost importance rather than the knowledge
about the total solvent content. The method used in this work,
combining selective deuteration with high-resolution NR is, of
course, not restricted to the examined model system PS/toluene
but can be expanded to other technological relevant systems.
The amount of remaining solvent detected as well as its
detailed distribution inside the polymer ﬁlm (layering) has an
important interplay with microscopic and macroscopic properties
of thin polymer ﬁlms. For example, recent experiments focusing
on molecular dynamics in thin polymer layers with a free upper
interface revealed no shifts in the average relaxation time and
no broadening of the dynamic glass-transition for PS down to
ﬁlm thicknesses of ∼10 nm.62 Therefore, the decoupling of
conﬁnement effects63 from the change in the solvent content
per the area of the polymer ﬁlm might be necessary. For
applications, it is comforting that the total remaining solvent in
the polymers remains unchanged over long amounts of time
(up to years) if no postproduction treatment is applied. If the
polymer ﬁlms are thermally processed, then application can
beneﬁt from the knowledge that the total solvent content is not
altered as long as temperatures stay below the glass-transition
temperature of the polymer.
4. Conclusions
The detection of remaining solvent in thin polymer ﬁlms is
of importance because of its effect on chain mobility and ﬁlm
homogeneity. Moreover, it is crucial information for all swelling
experiments to deﬁne the initial dry state of the polymer ﬁlm.
Using NR, we probed the remaining solvent content in thin,
freshly spin-coated polymer ﬁlms. We focused on the well-
established model system of PS spin-coated from toluene onto
Si substrates. The investigation addresses key parameters such
as the molecular weight of the polymer, the ﬁlm thickness of
the polymer ﬁlms, different annealing conditions, and long-term
aging. It was observed that a signiﬁcant and not negligible
amount of solvent remains in the freshly prepared ﬁlms, for
example, depending on the molecular weight 9 to 15 vol % for
a PS ﬁlm of 50 nm thickness. This total remaining solvent
content increases with increasing PS molecular weight as well
as with increasing PS ﬁlm thickness. The observed molecular
weight dependence might be explained by the increase in free
volume with increasing molecular weight. The observed ﬁlm
thickness dependence contradicts observations based on GC
measurements, which, only to some extent, might be due to the
different applied experimental protocols. Moreover, the storage
capacity of the PS ﬁlms is strongly inﬂuenced by the presence
of the Si substrate. Closer to the Si/polymer interface, a larger
volume fraction of solvent can remain inside the ﬁlm, whereas
with increasing distance to the substrate, this value approaches
a bulk value. This behavior is supported by the detailed analysis
of a solvent proﬁle in the PS ﬁlms. In a thin part of the PS ﬁlm
close to the substrate, solvent is signiﬁcantly enriched, whereas
in the upper rest of the polymer ﬁlms, a value close to the bulk
value is reached.
The additional investigation of the effect of annealing on the
solvent content reveals that temperatures higher than Tg and
the boiling temperature of the solvent are most suitable for the
efﬁcient removal of the solvent. As presented, the selected
conditions were not suitable for removing all remaining solvent.
Only a reduction in solvent in the ﬁlm can be achieved. It is
expected that an increase in annealing time would yield a further
reduction. However, we have shown that a dry ﬁlm is actually
not a dry ﬁlm at all, as assumed in many investigations for as-
prepared as well as annealed ﬁlms.
We must point out that the observed behavior for different
molecular weight and ﬁlm thickness as well as the effect of
annealing and the long-term characteristics might be different
for more complex model systems, for example, block copolymer,
polymer nanocomposite, or polymer blend thin ﬁlms. In terms
of NR, such systems require a more advanced layer model for
analysis and thus detailed complementary characterization
beforehand. In addition to the solvent-retaining mechanisms
discussed in this investigation, further mechanisms might be
responsible for the residual solvent inside the thin spin-coated
ﬁlms; therefore, NR will show a nontrivial behavior.
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